Backgrnd Right ventricular function may be an important determinant of exercise capacity, peak oxygen consumption (Vo2), and the ventilatory response to carbon dioxide production (VE/VCo2 relation) in patients with chronic heart failure (CHF).
Metod and Resu We studied the role of right ventricular function in CHF and also investigated the effects of absent right ventricular reserve in patients previously operated on with Fontan's procedure by measuring metabolic gas exchange during exercise in five groups of patients: (1) 10 patients who had previously undergone Fontan's procedure for congenital heart disease in whom the right ventricle is not functional; (2) 11 age-matched control subjects with dilated cardiomyopathy (DCM); (3) 15 age-matched normal subjects; (4) 42 patients with CHF; and (5) 16 age-matched control subjects. Left and right ventricular ejection fractions (LVEF and RVEF) were measured by radionuclide ventriculography in group 4. In the young subjects, the VE/VCo2 slope was lower in the control subjects than in the other two groups, being 24.4±4.3 against TNhe pathophysiology underlying the symptom of exercise limitation in patients with chronic heart failure remains incompletely explained. Central hemodynamic factors such as cardiac output, left ventricular filling pressures, and left ventricular ejection fraction (LVEF) correlate poorly with exercise capacity as assessed by peak oxygen consumption (peak Vo2) during an incremental exercise test,1,2 but other studies have suggested a weak correlation with total pulmonary resistance and a weak correlation with pulmonary artery pressures.3 A modest correlation between pulmonary capillary wedge pressure and peak Vo2 was also found by Szlachcic and colleagues.4 It has been suggested that diastolic function of the left ventricle and pulmonary hemodynamics may be limiting features,5 and attention has been drawn to the possible limiting effects of right ventricular dysfunction in chronic heart failure. 6 One study showed a weak correlation between increase in right ventricular ejection 33 There is an excessive ventilatory response to exercise in patients with chronic heart failure as indicated by increased ventilation relative to carbon dioxide production,2,8 and the reduction in exercise capacity correlates with the increase in the slope of ventilation/carbon dioxide production.8 This increase in slope has been attributed to an increase in pulmonary dead space ventilation9"0 and appears to be the best single physiological correlate of reduction in peak Vo2.
The Fontan procedure is carried out for patients with a single atrioventricular connection and results in a circulation with no effective right-sided pumping reserve. It is associated in some subjects with exercise limitation and shortness of breath, the cause of which is incompletely understood. The experiments reported in this article were designed to investigate the role of right and left ventricular function in determining exercise capacity in patients with chronic heart failure and to assess the possible contribution of right ventricular function to the increased ventilatory response relative to carbon dioxide production during exercise. We investigated right ventricular function and exercise capacity in a group of patients with chronic heart failure with a mixture of right and left ventricular impairment and in a group of patients who had previously undergone Fontan's operation for congenital tricuspid atresia and who thus have no right ventricular function. In addition, 
Methods
The study was approved by the ethics committee of the Royal Brompton National Heart and Lung Institute. All subjects gave informed consent. Subjects were asked to undertake a symptom-limited incremental treadmill exercise test with expired gas analysis to determine metabolic gas exchange.
Patient Selection
The ventilatory responses to exercise of three groups of patients and two control groups were investigated. Group 3 consisted of 15 age-matched normal subjects (average age, 30±5 years). Normal subjects were recruited from the hospital staff. All were healthy. None had a past history of cardiovascular disease, and none were current smokers. Group 4 consisted of 42 patients with chronic heart failure (average age, 59±8 years). The cause of heart failure was not considered as a selection criterion. All patients were clinically stable for at least 3 months before inclusion in the study and were limited by shortness of breath or fatigue on exercise. None were limited by angina or claudication. Clinical details are given in Table 3 .
Group 5 consisted of 16 normal subjects age-matched to group 4. None had a past history of cardiopulmonary illness. One was a current smoker. None were taking any medication. Subjects were recruited from hospital staff and from subjects attending for medicals as part of routine health screening. All were sedentary subjects.
Exercise Protocol
All subjects undertook a symptom-limited treadmill exercise test. All patients had previously undergone exercise testing and were familiar with the protocol. The standard Bruce protocol was used, with the addition of a stage 0 (3 minutes of exercise at 1 mph with a 5% gradient). Subjects breathed through a one-way valve, allowing the collection of expired air. Expired air was mixed with an inert indicator gas in a mixing chamber, and samples taken every 10 seconds were analyzed by mass spectrometer (Amis 2000). Ventilation (VE), carbon dioxide production (Vco2), and oxygen consumption (Vo2) were derived on line every 10 seconds. ' 
Results
There was no complication from any of the exercise tests. All subjects other than one of the patients in group 1 (patient 1) were able to exercise until the respiratory exchange ratio (Vco2/Vo2) exceeded 1.0, indicating at least near maximal exercise. In all subjects, the relation between ventilation and carbon dioxide production (VE/VCo2 slope) was well described by a linear regression equation with a correlation coefficient >.9 in all cases.
Groups 1, 2, and 3
The patients in groups 1, 2, and 3 were well matched for age (see Table 4 ). The peak Vo2 was significantly greater in the control subjects than in either the Fontan The relation between the VE/VCo2 slope and peak Vo2 in these three groups can be seen in Fig 1. The relation for the patients with dilated cardiomyopathy and with Fontan's operation is similar to that previously described for patients with heart failure8'13 and is indistinguishable between the two groups. This is in distinction to the control group, who display no such relation, as previously described. 13 
Groups 4 and 5
The two groups were well matched for age (see Table  5 ). Peak Vo2 was significantly higher in the control group (34.3±8.5 versus 16.8±4.1 mL kg-1 min1; P<.001), and the VE/VCo2 was significantly greater in the heart failure group (38.0±14.9 versus 25.4±3.7; P<.001). There was a relation between peak Vo2 and VE/VCO2 in group 4 similar to that seen for groups 1 and 2, but again, no such relation was seen in the normal control subjects (see Fig 2) .
In group 4 (heart failure group), the average LVEF was 24 Fig 3) . Similarly, there was no correlation between LVEF and either peak Vo2 or VE/VCo2 slope (see Fig 4) . There was a weak correlation between right and left ventricular ejection fraction (r=.3; P=.05).
Combining groups 2 and 4 (patients with heart failure and dilated cardiomyopathy) and the two control groups (3 and 5) (see Fig 5) further emphasizes the importance of the relation between the VE/VCo2 slope and the reduction in peak Vo2 in patients with heart failure and the fact that this relation does not extend to normal subjects.
Discussion
We found that the relation between an increased VE/VCo2 slope and reduction in peak Vo2 seen in patients with chronic heart failure is also seen in a group of patients who have no right ventricular function. Furthermore, we demonstrated no constant relation between RVEF and either exercise performance or the ventilatory response to exercise.
Central to an understanding of the pathophysiology of exercise limitation in patients with chronic heart failure is the need to explain the increase in the VE/VCo2 slope seen in such patients and the association of this increase with the reduction in peak Vo2.8 13 ventilation should occur and how it is sensed by the body. Right ventricular function may be implicated in exercise limitation in patients with chronic heart failure. Weak correlations have been shown between exercise capacity and pulmonary artery wedge pressure3 and mean pulmonary arterial pressure. 3 Baker et al,6 using a first-pass radionuclide technique, showed a close correlation between peak Vo2 and RVEF in a study of 25 patients with chronic heart failure. It is attractive to propose that a limiting feature in chronic heart failure may be the inability of the right ventricle to eject blood into the pulmonary circulation during exercise sufficiently to perfuse all areas, and thus there will be areas of lung ventilated but underperfused-increased dead space ventilation. Central to this hypothesis should be a relation between right ventricular function and the increased VE/VCo2 slope, but this has not been reported previously. Our study was specifically designed to examine the contribution of right ventricular function to exercise capacity, and specifically the possibility that RVEF is a predictor of exercise capacity and the increased VE/Vco2 slope in chronic heart failure. We used two different approaches to answer this question. We chose to study the responses of a group of patients who had undergone Fontan's procedure for congenital heart disease and those of appropriate control groups. In Fontan's procedure and its modifications, the right ventricle (if present) is effectively excluded from the circulation.14.15 The operation was originally described for tricuspid atresia but is now more widely used for palliation of We again used an equilibrium technique for determining ventricular ejection fractions and found no direct relation between RVEF and either peak Vo2 or VE/VCO2 slope. It thus appears unlikely that RVEF, and more broadly, right ventricular function, is a major determinant of exercise capacity in patients with chronic heart failure, and in particular, the steepness of the VE/VC02 slope cannot be explained by variations in right ventricular functional capacity.
The reasons for the reduced exercise capacity and the increased ventilatory response to exercise seen in patients with chronic heart failure remain unexplained. Much recent work has focused on the possible role of skeletal muscle abnormalities in the pathogenesis of symptoms in heart failure.17'18 The existence of a neural connection between active skeletal muscle and the ventilatory response to exercise has been known for many years. 19 It is tempting to speculate that exercise capacity in chronic heart failure is limited by muscle metabolism, whereas the increased ventilatory response is due to an increased ventilatory stimulus caused by the abnormal muscle metabolism. 20 The observed increase in dead space ventilation may thus be seen as a response to, rather than a cause of, increased ventilation in chronic heart failure. The data we have presented are incomplete with regard to ejection fractions, since we felt it unethical to submit control subjects and young adults to unnecessary radiation. However, the results presented regarding the older patients with chronic heart failure remain valid, and the control groups were included to demonstrate how the relation between Vo2 and VE/VCo2 differed in patients with heart failure. The younger group with cardiomyopathy was included to demonstrate that the relation between Vo2 and VE/VCO2 was a function of heart failure and exercise limitation and not of age and that the relation was disrupted in a similar fashion in the Fontan group. 
Limitations to This Study

